The computationally efficient classical MARTINI model is extended to simulate heat transfer simulations of water. The current MARTINI model, variations of it and other coarse grain water models focus on reproducing the thermodynamic properties below room temperature, hence making them unsuitable for studying high temperature simulations especially evaporation at 100°C. In this work, the MARTINI model is reparametrized using a linear search algorithm and conducting a series of simulations to match the phase equilibrium properties of water. The reparametrized model (MARTINI-E) accurately reproduces liquid density vs temperature and outperforms other leading coarse grain water models in enthalpy of vaporization and vapor density. This new water model can be used for simulating phase change phenomena and other energy transport mechanisms accurately.
Introduction
Evaporation of water is an important phenomenon to study in the area of heat transfer. In the semi-conductor industry and solar photovoltaics, the emergence of higher energy density calls for highly efficient and faster cooling systems. Water, which has a high specific heat capacity and high enthalpy of vaporization is a potential candidate for such systems. Based on kinetic theory [1] , an evaporative heat flux of 20,000 W/cm 2 can be achieved using water. Thin film evaporation has a high potential to remove heat compared to bulk region [2, 3] . However, even with the recent developments in Nano-scale fabrication techniques the maximum heat flux is limited to 500 to 1000 W/cm 2 [4] . This points out to our poor understanding of the nanoscale evaporation of water. Studying water evaporation at nanoscale using experiments is a challenging attempt. Use of molecular dynamics can become helpful in this scenario [5] [6] [7] [8] [9] [10] [11] , however there is no single water model which can capture or simulate all of its properties [12] . Even the best performing and widely used models are unsuitable to study evaporation, due to the computational cost. This shifts our focus to computationally faster models called coarse grain molecular dynamics (CGMD) models. In a CGMD model, one or more water molecules are combined into a bead to represent the bulk properties of the system. Most of the existing CGMD models of are developed for the use of biomolecular study [13, 14] and is not tested for heat transfer. The existing models mainly focus on the room temperature behavior of water or even sometimes the behavior below zero degree Celsius. While these models can capture freezing, ice formation and other properties of water, their applicability to high temperature applications is limited or seldom.
In this work, we present an extension to the existing model called MARTINI [15] , which represents four water molecules as a single bead. A simple search algorithm along with a fitness score function is used to parameterize the model. This model is computationally highly efficient and the extended model could reproduce many important thermodynamic properties of water at high temperatures. For the first time in literature, our CGMD model captures the density of water at temperature near 100°C. Also, it predicts the liquid-vapor co-existing system accurately and enthalpy of vaporization of water in a range of temperatures from 350 K to 410 K.
Coarse Grain Models of Water
Though there exists a wide range of coarse grain water models, the present work focuses only on the models with a single bead. Among them, the classical MARTINI water model [15, 16] , mW model [17] , and the recently developed ML-mW model [18] can simulate most of the thermodynamic properties at temperatures near and below 300 K. However, their feasibility near temperatures of 373 K is not tested.
The MARTINI model maps a cluster of four water molecules to a single bead ( Figure 1a ) and interacts with each other using a standard Lennard Jones (LJ) potential (eq. 1).
Here, for water = 5 / = 1.19503 / and = 0.47 are standard parameters. In the computer simulations this LJ interaction potential is shifted (both potential and force smoothly goes to zero) and a cutoff distance = 1.2 , corresponding to approximately 2.5 is used. These parameters and potential function corresponds to MARTINI 2.0 [16] .
While MARTINI models are simple in construction, they need additional anti-freeze particles to keep water from freezing above 273 K. In this context, other models like mW [17] and ML-mW [18] uses Stillinger-Weber (SW) potential [19] which enables more accurate representation of water. In these models, one water molecule is mapped onto one coarse grain bead as shown in the Figure 1a . The functional form of SW potential is as shown in below equations.
The mW model of water used the SW potential and modeled water as an intermediate element between carbon and silicon. The parameters of this model are further improvised recently using machine learning algorithms. The description of the variables of SW potential and the parameters for mW and ML-mW are described elsewhere in literature [17] [18] [19] . Even though mW and ML-mW can simulate thermodynamic properties of water better than MARTINI model, the computational cost is high due to the smaller number of water molecule mapping per bead and also the presence of three body potential functions. The main objective of this paper is to extend the computationally efficient MARTINI model to simulate heat transfer near 100 °C. To achieve this the and parameters of MARTINI model is reparametrized to obtain accurate density, enthalpy of vaporization and self-diffusion coefficient over a range of temperatures. The final model (MARTINI-E) after parametrization is tested with a vapor-liquid-vapor system to check the variation of density and pressure profile. The coarse grain systems used for this study is shown in the Figure 1c and 1d. A 5 nm cube box of SPCE [20] water molecules are shown in Figure 1b for reference.
Coarse Graining Protocol
The coarse graining protocol used in this work is shown in the Figure 2 . Initial parameters of the model are taken the same as original MARTINI model [16] . With this set, coarse grain molecular dynamics (CGMD) simulations are performed with a 20,000 bead system (large enough to avoid box size effect, if any) as shown in Figure 1c for a range of temperatures 350 K, 360 K, 370 K, 372.76 K, 375 K, 380 K, 390 K, 400 K, 410 K. These are the range of temperatures typically water based evaporative cooling systems are subjected to. The simulations are performed at saturated pressures corresponding to the temperature of the system. All simulations are performed using LAMMPS software [21] using a Nose-Hoover thermostat and barostat [22] [23] [24] with a chain length of four. From the simulations, density of the system is estimated and compared to the experimental values from the NIST standard web book [25] . This comparison is made using a fitness score as described in the below equation.
A fitness score closer to 100 means a very good agreement between the model and the experiments. If the score is not close enough to 100, then a scale is obtained by taking the inverse of the score multiplied by 100. Using this scale, the current parameters are scaled and the CGMD simulations are performed again. This process is continued until the difference between the fitness score and 100 becomes less than tolerance (0.1 %) as shown in the flow chart. Using the optimization protocol, after first iteration, the fitness score was 96.33 and was 1.297594 / . After 9 iterations, the fitness score became 99.913 and became 1.371638229 / .
The model corresponding to this optimum parameter, we call as extended MARTINI model (MARTINI-E). The variation of fitness score and epsilon (energy parameter) with respect to the iterations are shown in the Figure 3 .
The time step of integration used in a typical MARTINI model is 20 fs to 40 fs, but in optimization stage, we have used a time step of 5 fs. The CGMD simulations are run for 100,000 steps of equilibration and 200,000 steps of production run. The final parameters of the optimized water model are found to be − = 1.371638229 / and = 0.47 .
Results
After the parametrization of the model, the next step is comparing its performance with original MARTINI model, mW and ML-mW models. For this purpose, a cubic box system with box length of 13.4 (6.3 nm) with 2000 beads (corresponds to 8000 water molecules) are used for MARTINI and MARTINI-E models. Also, a 5 nm cubic box system with 4005 water molecules are used for mW and ML-mW models. By varying the temperature, density, self-diffusion coefficient and enthalpy of vaporization is estimated. For enthalpy of vaporization, a vapor system is considered with same number density, but appropriate vapor density by varying the system size.
The results of density variation are shown in the The original MARTINI model and ML-mW models simulate self-diffusion coefficients of water closer to experiments while MARTINI-E and mW models under perform. This is due to increasing potential strength (epsilon of LJ potential) inversely relates to the diffusion coefficient. This is case with mW potential too, the , A and B parameters of mW model is lower than ML-mW model making it more diffusible. The molecular models are visualized using VMD software [27] and OVITO software [28] .
The enthalpy of vaporization is estimated from the simulations and plotted the variation with temperature in Figure 4c . At this temperature range, the mW and ML-mW performs poorly and MARTINI-E turns out to be the best among all. The MARTINI-E follows the same trend as MARTINI, but closer towards the experimental values. For heat transfer and evaporative studies of water, pressure, temperature, density and enthalpy of evaporation are the major factors of interest. MARTINI-E model performs well in predicting these variables, in and around the 372.76 K (99.61°C, corresponds to standard boiling point).
Sensitivity of the timestep
The timestep for MARTINI models in the literature is suggested to be in the range of 20 fs to 30 fs [29, 30] . Here, we did a sensitivity study for the time step of integration for the MARTINI-E model. The fluctuations of the thermodynamic quantities like total energy, enthalpy, temperature, pressure is estimated in terms of standard deviation. For this purpose, the liquid system model with 2000 beads is subjected to 410 K (higher temperature will lead to higher fluctuations) under a Nose Hoover thermostat. This time the barostat is turned off. The variation of these quantities is given in the Figure 5 . Our results show that these quantities fluctuate more after the time step of 25 fs. Hence a time step of 25 fs or below is recommended for the heat transfer simulations with MARTINI-E model. 
Simulating Liquid-Vapor coexisting system
Most of the heat transfer systems involving phase change process needs a model which can predict two phase co-existing properties correctly [8] . To investigate this, a vapor-liquid-vapor (VLV) lamellar like system (Figure 1d ) is simulated with our MARTINI-E model and other CGMD models. A box size of 5 × 5 × 15 is used with 1045 beads forming liquid film in the middle is used for both MARTINI and MARTINI-E models. The same box size with 4005 molecules are used for mW and ML-mW models. The number of beads and molecules are selected in a way that the liquid film thickness in the middle will be same in all cases and can make a comparison of system properties irrespective of the model type.
These CGMD systems are equilibrated for 100,000 steps and production run for 200,000 steps. A time step of integration of 1 fs is used for mW and ML-mW models, and 5 fs is used for MARTINI and MARTINI-E models. The Nose- Hoover thermostat is used to control the temperature and pressure is not controlled. The screenshots of resulting equilibrated system of MARTINI-E model is shown in Figure 6 for various temperatures. To further understand the behavior of the system, the pressure and density profile along the length of the VLV system is time averaged to local bins and plotted in Figure 7 . A triangular shape interpolation function [31] is used for the smooth distribution of pressure and density into the local bins. There are no experimental pressure and density profiles of VLV water system to compare with, hence average quantities in the liquid and vapor regions are used for validation. The vapor quantities are estimated by averaging properties from bins 1 to 30 and 120 to 150 and liquid quantities are estimated by averaging from 60 to 90 bins.
The vapor density results (Figure 8a) shows that the MARTINI-E is closer to predict the experimental values. While mW and ML-mW appears to be closer to experimental curve, they are due to the absence of vapor molecules. In fact, mW and ML-mW models are poor models for predicting liquid-vapor interfacial properties. This is again reflected in the vapor pressure estimation as shown in the Figure 8b . But this time, the original MARTINI model shows better agreement with experiment than MARTNI-E. The analysis of the density in the liquid region Figure 9 shows a very good agreement with the experiments for the MARTINI-E model, while mW and ML-mW models over predict the density and original MARTINI model under predicts it. This is due to the lower epsilon value of MARTINI model and presence of 3 body potential and short cutoff range for mW and ML-mW models.
Discussion
A simple extension of the MARTINI model by fixing the sigma of LJ potential and changing the epsilon has enabled to simulate a range of variables related to water at temperatures near 100°C. The new model (MARTINI-E) can accurately capture a variety of thermodynamic properties like vapor and liquid density at saturated temperature, enthalpy of vaporization etc. However, the use of overly simplistic LJ potential limits the ability to match a greater number of parameters. This calls for use of potential functions which can be tuned using a number of variables. Though the current study doesn't focus on dielectric properties, dipole moments, radial distribution function [32] , etc. it may be beneficial for matching them for a more accurate version of the CGMD model.
Conclusion
The classical MARTINI model is successfully extended to a higher temperature range which will enable it to use for heat transfer simulations. The extended model called as MARTINI-E is validated against a number of thermodynamic parameters including the co-existing points of temperature-pressure-density phase equilibrium. The new model is computationally faster like classical MARTINI model and at the same time can simulate liquid-vapor co-existence. The bulk liquid simulation and vapor-liquid-vapor system simulation using the new model and the existing CGMD models shows that the MARTINI-E outperforms them in simulating vapor density, liquid film density, and enthalpy of vaporization. These are critical parameters for simulating the water for heat transfer studies.
